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A growing body of research has been published concerning higher order ocular aberrations (HOA), some of which have explored changes in HOA with age, [1] [2] [3] [4] and potential maturation of HOA throughout infancy and childhood into adulthood. [5] [6] [7] [8] [9] Some studies have investigated HOA and their relationship to refractive error, [7] [8] [9] [10] [11] other ocular parameters, 8, 12, 13 and ethnicity 14, 15 in adult and younger populations.
The relationship between HOA and refractive error is of particular interest as it has been suggested that retinal defocus and cues from HOA contribute to the growth of the eye. [16] [17] [18] However, studies investigating this theory report conflicting results. Figure 1 summarizes the differences between studies with regard to the relation between refractive error and HOA over a broad age range. In brief, Thapa et al. 19 analyzed HOA for children three to six years of age and reported slightly but significantly increased levels of HOA as hyperopia increased (n ¼ 423). In contrast, Carkeet et al. 20 reported no difference in HOA (n ¼ 273) between hyperopes and myopes or emmetropes, and Kirwan et al. 7 found that their hyperopes (n ¼ 137 eyes) had lower amounts of HOA compared to myopes (n ¼ 25 eyes). He et al. 10 also reported higher levels of HOA in their myopic group of children and young adults compared to their emmetropic age-matched group (n ¼ 316). As part of the Sydney Myopia study, Martinez et al. 8 investigated HOA in a large group of hyperopic and emmetropic children aged 6 to 7 and 12 to 13 years. They found that for both age groups, hyperopic eyes had higher amounts of HOA than emmetropic eyes. In addition, Martinez et al. 8 and a number of these studies report a positive correlation with refractive error and magnitude of spherical aberration, indicating that spherical aberration decreases, or becomes more negative, with myopia (studies indicated in blue shading in Fig. 1 ).
Despite these potential differences in HOA with refractive error, animal studies report a significant role for peripheral defocus in eye growth 31, 32 and peripheral HOA, peripheral refractive errors, and eye shape have been examined in many studies (e.g., the studies of Seidemann et al., 33 Atchison, 34 and Rosén et al., 35 and see the report of Charman 36 for review) indicating peripheral defocus has a stronger role in influencing eye growth. In support of this, Hartwig et al. 13 investigated HOA in anisometropia, and reported no significant increase in magnitude of HOA in the more ametropic eye. However, large pupil sizes for young children may mean that on-axis and peripheral HOA may have a role in eye growth and refractive error development, and a recent study investigating HOA in progressing myopic schoolchildren in China reported that participants whose myopia was progressing faster had significantly higher levels of HOA after progression than those whose myopia was progressing more slowly. 37 These conflicts in the literature comparing HOA and refractive error may exist due to sample size, differing classifications of refractive error, differences in subject age, ethnicity, and methodological differences. The current study sought to investigate HOA in relation to refractive error and Copyright 2014 The Association for Research in Vision and Ophthalmology, Inc. www.iovs.org j ISSN: 1552-5783 ocular biometric parameters in a population with a high prevalence of ametropia [38] [39] [40] to aid further understanding of the profile of HOAs, and particularly spherical aberration and their association with refractive error.
METHODS

Study Population
The Northern Ireland Childhood Errors of Refraction (NICER) study is a population-based study of refractive error in Northern Ireland. 41 The second phase of the NICER study involved the longitudinal assessment of participants after a period of three years from the initial investigation, with children aged 9 to 10 years (primary year six, grade 4) and 15 to 16 years (postprimary year 12, grade 10). 42 Information packs containing a letter of invitation outlining the study, a description of the test procedures, and a consent form were distributed to parents/guardians of these children. Seven primary and six postprimary schools were used for data collection in the present study. The children came from a wide range of socioeconomic backgrounds and participants attending academically selective and nonselective schools were equally represented in the sample. Ethical approval for the study was obtained from the University of Ulster Research Ethics Committee and the research followed the tenets of the Declaration of Helsinki.
A subgroup of participants from Phase 2 of the NICER study were invited to participate in the present study and 173 children aged 9 to 10 years (consent rate 82.4%) and 150 children aged 15 to 16 years (consent rate 62.5%) were recruited. On initial assessment, information regarding ocular history was obtained and participants with significant systemic and/or ocular conditions, such as significant amblyopia, keratoconus, and Down syndrome, were excluded (three participants were excluded from the younger age cohort and two from the older age cohort). Of the 170 remaining participants in the younger age cohort (mean age, 10.09 6 0.39 years; 79 females, 91 males), refractive error and axial length (AL) data were obtained for all children, and HOA and corneal curvature (CR) data were obtained successfully from 166 children. Of the 148 participants in the older age cohort (year 12; mean age, 16.06 6 0.31 years; 83 females, 65 males), refractive error, AL, and HOA data were obtained successfully from 147 children, and corneal CR data were obtained successfully from 143 children.
Protocol
One drop of proxymetacaine hydrochloride 0.5% (MINIMS; Chauvin Pharmaceuticals Ltd.) was instilled into both eyes to mitigate discomfort from subsequent instillation of one drop of cyclopentolate hydrochloride 1.0% (MINIMS; Chauvin Pharmaceuticals Ltd.). A period of 30 minutes elapsed for the cycloplegic drops to take effect. Participants had one extra FIGURE 1. Schematic diagram summarizing the differing findings 7, 8, 10, 11, [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] regarding the relation between HOA and refractive error from several studies across a broad age range. The x axis indicates increasing age in years, and the three horizontal panels group studies according to whether they found (A) a greater magnitude of HOA in hyperopes compared to myopes, (B) no difference in HOA across refractive groups, or (C) a greater magnitude of HOA in myopes compared to hyperopes. The studies shaded in blue described a positive correlation with spherical equivalent refractive error and spherical aberration/total fourth order HOA. drop of cyclopentolate HCl 1.0% instilled 15 minutes after instillation of the first drop if loss of accommodation was not evident at this time.
Once cycloplegia was attained, the following measures were recorded:
1. Refractive error: Refractive errors were measured using the open field infrared Shin-Nippon SRW-5000 autorefractor (also branded as Grand Seiko WV-500; Shin-Nippon, Tokyo, Japan). The Shin-Nippon SRW-5000 is a highly repeatable instrument used extensively in epidemiological studies of refractive error and has been reported in the literature to be comparable with cycloplegic and noncycloplegic refraction in children 43 and adults. 44 The representative value 45 of five measures were used to describe the refractive error for the right and left eyes of each participant individually. 2. Axial length and corneal CR: These measurements were made using the IOLMaster (Carl Zeiss Meditec, Jena, Germany). At least five reliable AL measurements and three corneal radius of CR measurements were obtained from each eye, and the average used for analysis. 3. HOAs: Measurements of HOA were obtained with a commercially available Shack-Hartmann aberrometer (IRX3; Imagine Eyes, Orsay, France). The IRX3 aberrometer has a 32 3 32 lenslet sampling array at 780 nm wavelength and has been shown to provide repeatable measures of HOA. 46 A minimum of three repeatable measurements were taken from both eyes of each participant.
Zernike polynomials were calculated over a fixed 5 mm pupil diameter centered on the participant's dilated pupil (similar to the study of Carkeet et al. 20 ). Zernike coefficients from the third up to the sixth order were fitted to the aberration data using the standards recommended by the Optical Society of America. 47 The root mean square (RMS) of total coma (incorporating Z À1 3 , Z 1 3 , Z À1 5 , Z 1 5 ), trefoil (incorporating Z À3 3 , Z 3 3 , Z À3 5 , Z 3 5 ), spherical aberration (incorporating Z 0 4 and Z 0 6 ), third, fourth, fifth, and sixth orders, and combined higher order aberrations (third to sixth orders) also were Mann-Whitney and Kruskal-Wallis tests were used to determine significant differences between refractive error categories across and within age cohorts.
* Repeated measures Bonferroni corrected statistically significant differences. evaluated. Individual Zernike coefficients were analyzed for third and fourth order. Visual Strehl ratios computed in the spatial domain were used as an indicator of overall image quality derived from the wavefront profiles, described by Thibos et al. 48 and endorsed by Marsack et al. 49 as the most useful image quality metric, and denoted with the abbreviation ''VSX.'' 48 These were calculated using analytical software (Get Metrics 2.5; Visual Optics Institute, University of Houston, Houston, TX, USA). The VSX ratios incorporate a standardized neural weighting to the Strehl ratio, and range from 0 to 1, with a value of 1 indicating a perfect optical system. Right eye data were used for analysis. Significant astigmatism was defined as ‡ 0.75 diopter cylinder (DC). Refractive errors were described as power vectors. 50 Spherical equivalent refractive error (M) was used to classify participants into refractive error groups, in accordance with the study of Martinez et al. 8 :
RESULTS
Neither HOA nor refractive error data demonstrated a normal distribution; therefore, data are described as medians with interquartile range (IQR) and nonparametric statistics were used for analyses, including Kruskal-Wallis H and Mann-Whitney U tests. For repeated measures statistical analysis of HOA, Bonferroni corrections were applied. Multivariate linear regression analyses also were used once data were transformed to meet normality assumptions to explore the relationship between HOA, refractive groups and ocular biometry.
The majority of participants in both cohorts were hyperopic (9-10 years old 63.5%, n ¼ 108; 15-16 years old 61.2%, n ¼ 90). For the younger and older cohorts respectively, 28% and 24% of participants had hyperopia of þ1.00 D or more, and 6.5% of the younger cohort and 4.8% of the 15 to 16 years older cohort demonstrated hyperopia of at least þ3.00 D. Approximately 9.4% (n ¼ 16) of the younger cohort and 12% (n ¼ 18) of the older cohort were classified as myopic.
Cylindrical errors ranged from 0 to 3.75 DC in the younger cohort, with 66 participants (38.8%) having a cylindrical error of greater than or equal to 0.75 DC, and from 0 to 3.25 DC in the older cohort, with 52 participants (35.3%) having a cylindrical error of ‡ 0.75 DC. Table 1 summarizes the median and IQR of M, J 0 , and J 45 power vectors, AL and CR for the two cohorts.
Overall, the refractive profiles of the two cohorts were similar. The median M vector for the younger cohort was þ0.63 D, (range, À3.00 to þ9.38 D) and the M vector for the older cohort was þ0.50 D (range, À6.00 to þ6.38D). However, these differences were not statistically significant (Mann-Whitney U tests, with Bonferroni correction for multiple comparisons applied P < 0.05/38). For the ocular biometric data, there was no difference in CR between the two cohorts, but AL was significantly greater for the older cohort (z ¼ 14.48, P ¼ 0.0001) and was significantly different across refractive groups in both cohorts (9-10 years old, H ¼ 38.29, P ¼ 0.0001; 15-16 years old, H ¼ 32.15, P ¼ 0.0001). Table 2 shows the median and the IQRs for the Zernike coefficients from third and fourth order, the RMS of combined HOAs; total third, fourth, fifth, and sixth orders, and total trefoil, coma, and spherical aberration, and VSX for the two cohorts.
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To examine the relation between astigmatism and HOA, participants were divided into astigmats ( ‡0.75 DC) and nonastigmats (<0.75 DC). No statistically significant differences were found between astigmats and nonastigmats for any of the HOA Zernike coefficients or for any of the RMS of aberration terms or Visual Strehl (Mann-Whitney U tests, P > 0.05). Tables 3 and 4 show the median and IQRs of JOAs and Visual Strehl across refractive error groupings in each cohort.
For both cohorts, there were no statistically significant differences in Zernike coefficients or for the RMS of combined HOA (all tests P > 0.05). Figure 2 illustrates the distribution of the RMS aberrations and Visual Strehl between the refractive error groups for ( Fig. 2A) 9-to 10-and (Fig. 2B) 15-to 16-yearold cohorts. Overall, third order and coma-like aberrations had the greatest magnitude across both cohorts. While no significant differences were found between refractive groups, inspection of Figure 2 illustrates that despite the greater range of refractive errors in the highly hyperopic group compared to the myopic group, aberrations in the myopic group including the RMS of combined HOA showed the greatest variation.
While several biometric measurements and Zernike terms were not normally distributed, fourth order spherical aberration and CR both had normal distributions and the transformation of other data enabled multivariate linear regression models for fourth order spherical aberration (Z 0 4 ), RMS total spherical aberration, RMS total HOA, and Visual Strehl to be conducted with AL, CR, and refractive group as explanatory variables. Bonferroni correction (P < 0.05/4) was applied to determine significance of regression models.
For the younger age cohort there were significant relations with RMS total spherical aberration (F (3,159) ¼ 8.02, P ¼ 0.0001 R 2 ¼ 0.13) and fourth order spherical aberration (Z 0 4 ) (F (3,159) ¼ 4.72, P ¼ 0.004, R 2 ¼ 0.08) with AL, CR, and refractive group, but not for RMS total HOA and Visual Strehl. For the older cohort, similar relations were found for fourth order spherical aberration (Z 0 4 ) and total RMS spherical aberration. Table 5 summarizes the coefficients of these models, demonstrating that AL had a significant relation with fourth order spherical aberration and total RMS spherical aberration (for the 15-16year cohort) controlling for refractive group and CR. To visualize this, Figure 3 illustrates the relation between AL, and fourth order (Z 0 4 ) and total RMS spherical aberration for the ( Fig. 3A) 9-to 10-year-old cohort and (Fig. 3B ) 15-to 16-year-old Refractive error groups: Myo, myopic group; Emm, emmetropic group; lHyp, low hyperopic group, mHyp, moderately hyperopic group, and hHyp, high hyperopic group. cohort. As AL increased, spherical aberration tended to become more negative.
DISCUSSION
This study explored changes in HOA with age in a populationbased cohort with a high prevalence of ametropia. Analysis of refractive error data demonstrated that the profile of ametropia was similar between the two age cohorts.
Furthermore, the distribution of HOA also was similar across both age cohorts. The current study calculated HOA for a fixed 5-mm pupil, in line with what one would expect natural pupil size to be for a childhood population. The VSX ratios were similar for both cohorts, at 0.23 and 0.26 units for the younger and older cohorts, respectively. This is in line with other studies reporting Strehl ratios for a moderately large pupil diameter. 51, 52 For both cohorts, the RMS of total HOA had a combined median of 0.27 lm (combined IQR, 0.22-0.32, and combined mean value 6 SD of 0.28 6 0.09 lm to facilitate comparison with other studies). The RMS of total combined HOA is higher than in the study of Martinez et al., 8 who reported a mean total RMS HOA of 0.18 6 0.06 lm for their 6year-old and 12-year-old Caucasian participants analyzed across a 5-mm pupil. It also is higher than published data on adult populations, such as the study of Salmon and Van de Pol, 53 who reported a mean total RMS HOA of 0.19 6 0.08 lm, and Kwan et al., 22 with an average total RMS HOA of 0.16 6 0.06 lm, both analyzing at 5-mm pupil diameters. This is unlikely to be due to an instrument artefact as data from Salmon and Van de Pol 53 were obtained from combining a large amount of HOA data from several studies using a range of aberrometers. Furthermore, as Martinez et al. 8 report HOA data for Caucasian participants only, it is difficult to regard ethnicity as an explanation for the higher magnitude of HOA reported in the present study.
Some previous studies have reported higher amounts of HOA in hyperopes compared to myopes, 8, 11 while others have found no difference in HOA between refractive groups, 20 or lower amounts of HOA for hyperopes compared to myopes 7 or emmetropes. 10 It is important to note that the classification of refractive error differed between these studies. For the present study, refractive error classification aligned with that of Martinez et al., 8 yet we found very few significant differences in HOA between refractive groups. However, Figure 2 shows that the myopic group demonstrated the greatest variability in HOA, especially in the younger age cohort. This is despite the fact that the range in myopic errors was considerably less than those exhibited by the high hyperopes. The variability in individual HOA profiles within the myopic group perhaps reflects the variable rate at which growth occurs in myopic eyes. Consistent with other studies examining HOA, third and fourth order aberrations were higher in magnitude than fifth and sixth order aberrations. There were a few differences in HOA between the cohorts, and the 9-to 10-year-old cohort had more ''nonzero'' terms than the older cohort. Perhaps surprisingly, there were no significant differences across age cohorts for the spherical aberration term (Z 0 4 ) or for the RMS of total spherical aberration in the present study. The median spherical aberration (Z 0 4 ) was 0.07 lm for both age cohorts. Previous studies have reported a positive shift in the Zernike term spherical aberration (Z 0 4 ) from infancy (when it typically is negative) through to early childhood (when values typically are positive). 6, 9 Others investigating HOA in childhood and throughout life report a positive increase in spherical aberration. 1, 3 The nature of HOA as a whole is influenced by the balance between the internal and corneal optics. The cornea is relatively consistent in shape through later childhood and adulthood, and the positive shift in spherical aberration is attributed to crystalline lens change (see the report of Glasser et al. 54 for review). However, the present study examined children with only a 6-year age difference between cohorts, and no significant difference in M vector was found between the two cohorts. These factors may account for the consistency in spherical aberration values. Martinez et al. 8 did report a significant increase in positive spherical aberration between two groups of children with a 6-year age difference, but they found a greater difference in M vector between their two groups (0.35 D less positive for the older age group), and both age groups were younger than the participants in the present study.
While the current data do not show a significant difference in spherical aberration between the two cohorts, multivariate regression demonstrated significant relations between RMS total spherical aberration and fourth order spherical aberrations (Z 0 4 ), and AL for both cohorts. This is consistent with other studies reporting more positive spherical aberration in Figure 3 illustrates the relation between fourth order (Z 0 4 ) and RMS total spherical aberration and AL, demonstrating that as AL increased, spherical aberration tended to become less positive/more negative. This indicated that knowledge of AL in addition to refractive error is an important consideration in analysis of HOA. This finding may signify that differences in spherical aberration between refractive groups could be merely the consequence of the differing geometrical properties of the ocular components of the ametropic eye, and not attributable as a cause of ametropia. However, spherical aberration remains particularly interesting to study as it has a role in accommodative function, 55, 56 which, in turn, may impact eye growth. The current study measured HOA under conditions of cycloplegia, and it would be interesting to examine spherical aberration under natural conditions across refractive groups.
Corneal asphericity measurements were not captured during data collection for the present study. It is known that a more spherical cornea would result in higher levels of positive spherical aberration, so it is possible this could have had an impact across refractive groups. However, Llorente et al. 11 reported only a marginally significant difference in corneal asphericity between their hyperopic and myopic group, and neither Mainstone et al. 57 nor Budak et al. 58 found any differences across groups or correlation between asphericity and refractive error.
There is relatively little in the literature describing the HOA of astigmatic eyes, rather concentrating on the irregular astigmatism created by ocular pathology, such as keratoconus. One may expect slightly higher coma-like aberrations in an astigmatic eye, or alternatively that astigmatism is a second order aberration that does not impact on HOA. Overall, there were no systematic differences in HOA in those participants with greater amounts of astigmatism for either age cohort in the current study.
CONCLUSIONS
For school-aged children in Northern Ireland, HOA are higher than reported elsewhere for ethnically similar groups. There is a higher prevalence of ametropia in this population, but ametropia did not demonstrate a systematic relationship with HOA. The distribution of HOA was similar across both age cohorts and no significant difference in HOA was found across refractive error groups. The VSX ratios also are reported for both age cohorts and refractive groups, and again no significant difference in this metric of optical quality was found across age or refractive groups. This study provided further evidence that there are no differences in the magnitude of HOA with different refractive errors for school-aged children. However, the myopic group for both age cohorts demonstrated the greatest variability in HOA. Similar to other studies, there was a correlation between increasing AL and more negative values of spherical aberration. The current study revealed that AL rather than refractive grouping was the significant contributor for this relationship, suggesting that the different geometrical properties of the longer and shorter eye give rise to differences in spherical aberration terms, and this also highlights the importance of knowledge of AL when analyzing HOA.
